Abs to microbial capsules are critical for host defense against encapsulated pathogens, but very little is known about the effects of Ab binding on the capsule, apart from producing qualitative capsular reactions ("quellung" effects). A problem in studying Ab-capsule interactions is the lack of experimental methodology, given that capsules are fragile, highly hydrated structures. In this study, we pioneered the use of optical tweezers microscopy to study Ab-capsule interactions. Binding of protective mAbs to the capsule of the fungal pathogen Cryptococcus neoformans impaired yeast budding by trapping newly emerging buds inside the parental capsule. This effect is due to profound mAb-mediated changes in capsular mechanical properties, demonstrated by a concentration-dependent increase in capsule stiffness. This increase involved mAb-mediated cross-linking of capsular polysaccharide molecules. These results provide new insights into Ab-mediated immunity, while suggesting a new nonclassical mechanism of Ab function, which may apply to other encapsulated pathogens. Our findings add to the growing body of evidence that Abs have direct antimicrobial functions independent of other components of the immune system.
A ntibodies to microbial surfaces can promote host defense by mediating the effector functions of other components of the immune system, such as complement and phagocytic cells (1) . However, binding of Abs can also mediate direct antimicrobial effects for the benefit of the host, even for encapsulated microbes, when binding occurs at a certain distance away from the cell. Examples of such direct antimicrobial effects include alterations of microbial metabolic activity, gene expression, quorum sensing, and susceptibility to drugs (2, 3) . The physical mechanism(s) of such direct Ab-mediated effects upon capsule binding are poorly understood. The study of Ab-capsule interaction is important for understanding the mechanisms by which Ab-mediated immunity interacts with microbes, for identifying useful Abs for antimicrobial treatment (1), and for designing more effective vaccines.
One of the best-studied microbial capsules is that of the fungal pathogen Cryptococcus neoformans, which is a complex polysaccharide (PS) structure that enlarges during infection (∼83 the cell's volume) and is essential for virulence (4, 5) . The cryptococcal capsule exhibits strong antiphagocytic properties (6, 7) , isolating the fungal cell from host immune factors and pattern recognition receptors on immune cells (8) . Macromolecular analysis of extracted PSs suggests that the capsule is composed of various interconnected PS molecules with branch-like structural characteristics (9) (10) (11) . This complex surface structure is considered the main virulence factor (4, 5) and remains a major target for the development of therapeutic strategies (12) .
The mAbs to glucuronoxylomannan (GXM), the main PS constituent of the capsule, can mediate protection against C. neoformans infection by decreasing fungal burden and dissemination and, thus, increasing survival of lethally infected mice (13) (14) (15) (16) . One mAb, 18B7 (IgG1), was evaluated clinically as a therapeutic agent against cryptococcosis (17, 18) . The mechanism of mAbmediated protection against C. neoformans appears to be multifactorial, involving classical and nonclassical mechanisms of Ab function (1) . Classical mechanisms of mAbs to GXM include enhancement of phagocytosis, complement activation, and recruitment of inflammatory cells (19) (20) (21) (22) . In addition, mAbs to GXM can function directly, affecting the normal function of C. neoformans upon binding to the PS capsule. mAbs can inhibit PS Ag release (23) and biofilm formation in vitro (24) and can increase drug susceptibility by somehow triggering changes in cryptococcal metabolism and gene expression (2, 25 mechanism of such direct Ab-mediated effects on C. neoformans physiology remains poorly understood and requires new approaches for studying Ab-capsule interaction.
The protective efficacy of mAbs to GXM against experimental cryptococcosis depends greatly on their capacity to interact with the capsule (26) . For instance, the capacity of mAbs to GXM to alter the optical properties of the capsule (i.e., "quellung" effect or capsular swelling) and their fluorescence-binding pattern (i.e., annular or punctate) correlated with protective efficacy (22, (26) (27) (28) . Other important determinants of protective efficacy are Ab isotype and epitope specificity (29) , as well as the concentration and localization of these epitopes in the capsule (22) .
In this study, we examined the direct effect of mAbs to GXM on cellular replication and capsule mechanical properties, using light and optical tweezers microscopy analysis on intact C. neoformans yeast cells. Our data show that binding of protective, but not nonprotective, mAbs produces a concentration-dependent increase in the stiffness of the capsule. This binding translated into a situation whereby daughter cells are trapped in a saclike structure made from the parental capsule. The ability of mAbs to increase the capsule stiffness correlated with their capacity to cross-link PS molecules in solution. Our results show a new Ab-mediated effect on microbial function through the alteration of capsular mechanical properties.
Materials and Methods
Yeast culture C. neoformans serotype A strain H99 (ATCC 208821) was grown under constant agitation at 30˚C for 48 h in minimal medium (15 mM dextrose, 10 mM MgSO 4 , 29.3 mM KH 2 PO 4 , 13 mM glycine, 3 mM thiamine-HCl; adjusted to pH 5.5).
mAbs
The GXM-specific mAbs used in this study were 18B7 (IgG1), 13F1 (IgM), 2D10 (IgM), and the 3E5 family of switch variants (IgG1, IgG2, IgG2b, IgG3), all previously described (14, 30, 31) . The mAbs were purified from hybridoma cell supernatants recovered after growing the cells for 2 wk. The different IgG isotypes were purified by protein A or G chromatography, and the IgM Abs were purified by mannan-binding protein chromatography. The resulting mAbs were dialyzed in PBS, and concentration was determined by ELISA relative to isotype-matched standards of known concentration.
Time-lapse microscopy
Approximately 1 3 10 6 C. neoformans cells were washed three times with PBS and incubated with 10 mg ml 21 of a mAb [18b7 (IgG1), 13F1 (IgM), or 2D10 (IgM)] for 1 h at 37˚C under constant shaking. Then, 10 ml of this suspension, containing ∼10 4 Ab-coated cells, was diluted in a well chamber-slide containing 200 ml of fresh minimal media. The wells were previously coated with 10 mg ml 21 of each particular mAb to help immobilized cells to the bottom of the well and facilitate image acquisition. The untreated cells (control) were immobilized using mAb 18B7 to coat the bottom of the well. The chamber-slide was placed in a temperature-controlled microscope chamber set to 37˚C. Time-lapse images of cells were taken at 4-min intervals with a 633 differential interference contrast objective using an Axiovert 200 M inverted microscope equipped with a Hamamatsu ORCA ER cooled charge-coupled device camera and controlled by AxioVision 4.6 software (Carl Zeiss Micro Imaging, New York, NY).
Young's modulus measurements of the capsule
Approximately 10 6 C. neoformans cells, previously washed with PBS three times, were incubated for 1 h at 37˚C in the presence of different concentrations of mAb (20, 10, 1, 0.5, 0.1, or 0.01 mg ml 21 ). Following incubation, the cells were washed (three times with PBS), and a suspension (10 4 ) of yeast cells in PBS was added to glass-bottom dishes previously coated with 10 mg ml 21 of mAb IgG1 18B7 for 1 h at 37˚C. After 1 h incubation at room temperature, plates were washed with PBS to remove nonadherent cells. Uncoated polystyrene beads (radius, 1.52 6 0.02 mm) (Polysciences, Warrington, PA) were added to the plate, and the samples were placed in an optical tweezers system composed of an infrared 1064-nm Nd:YAG laser (Quantronix, East Setauket, NY) attached to an inverted Nikon Eclipse TE300 microscope (Nikon, Melville, NY). The capsulebead interaction is strong and likely mediated by van der Waals forces and/ or differences in charge between both surfaces (32). Alternatively, it is possible that hydrophobic interactions contribute to this, given that the capsule has lipid-like domains (33) . Measurements were performed, and Young's modulus values were determined following the previously described procedures (9, 32, 34) .
PS cross-linking
The ability of mAbs to mediate cross-linking of PS molecules was examined by monitoring the average hydrodynamic size of PS samples using dynamic light scattering (DLS) in a 90Plus/BI-MAS (Brookhaven Instruments, Hotsville, NY), as previously described (9) . DLS measures the fluctuations in light intensity scattered by particles in solution. The frequencies of these intensity fluctuations are related to the diffusion (Brownian motion) of the particles in solution. The fluctuations of light-scattered intensity are correlated or compared as a function of time by the autocorrelation function, which decays exponentially until plateau (35) . The intensity autocorrelation function is used to determine an average translational diffusion coefficient, which is related to particle size based on the Einstein-Stoke equation (the larger the particle, the slower its diffusion).
Cryptococcal PS was isolated from supernatant by ultrafiltration, as described (10), and dissolved in PBS (2 mg ml
21
). PS solution was cleared of any dust particles by centrifugation at 7500 3 g for 5 min and equilibrated to 25˚C before measurements. Average hydrodynamic size values from PS solutions (1 mg ml
) in the absence (control) or presence of mAb were obtained from 10 repeated measurements. Cross-linking studies were done by monitoring the changes in particle size distribution and autocorrelation function curves of a PS solution, before and after (20, 40 , and 60 min) addition of mAb 18B7 (10 mg ml
). The loss of light-scattering signal after 60 min of incubation was confirmed by three independent experiments. To study the effect of the different mAbs on the average hydrodynamic size, PS solutions (1 mg ml 21 ) containing 10 mg ml 21 of each mAb were incubated for 30 min at 37˚C and analyzed by DLS.
Results

Protective mAbs prevent the release of newly budded cells
To examine the impact of mAbs to GXM on the normal function of C. neoformans, we analyzed the cryptococcal replication process, using time-lapse microscopy. We observed multiple budding events (.103 for some cells) through a single budding site, which explains the limitations of using bud scars on C. neoformans surface as markers for replicative life-span determination (36) . In some instances, cells continued the replication process through a new cell site when a budding event was not readily completed. Analysis of the doubling time of individual cells revealed considerable cell-to-cell variation with a mean doubling time variance of 14.5 6 2.1%, but the average doubling time was 2.1 6 0.2 h, which was similar to a 2.2 6 0.4 h doubling time of yeast cultures based on turbidity measurements. No significant change in average budding rate could be detected between mAb-treated and untreated cells by time-lapse microscopy (within a 10-min SE). Binding of the protective mAb 18B7 (IgG1), however, prevented the full release of newly budded cells, trapping them inside a saclike structure made from the parental capsule (Fig. 1 , Supplemental Video 1). This phenomenon was also observed for protective mAb 2D10 (IgM) (Fig. 1, Supplemental Video 2) . In contrast, for cells without mAb or with equal concentrations of the nonprotective mAb 13F1 (IgM) (Fig. 1 , Supplemental Videos 3, 4) daughter cells were readily released from the parental cell after budding. These results suggested that the ability to contain bud release was a characteristic of the protective mAbs tested in this study and implied significant alterations in the capsule's structural and physical properties.
mAb binding alters capsular elastic properties
We hypothesized that the ability of protective mAbs to interfere with bud release resulted from alterations in the mechanical properties of the capsule. To explore this possibility, we used optical tweezers microscopy to measure the Young modulus (E) of the PS capsule after mAb binding. E is a measure of the stiffness of an elastic material and can be derived from a form-deformation curve by stretching the PS capsule via micromanipulation of a polystyrene bead ( Fig. 2A) (9, 32, 34) . A panel of seven mAbs to GXM was studied: 18B7 (IgG1), 2D10 (IgM), 13F1 (IgM), and the 3E5 family (IgG1, IgG2a, IgG2b, IgG3) of variable regionidentical isotype switch variants (19) . With the exception of the mAb 13F1 (IgM), all other mAbs have been shown to prolong survival of murine models of cryptococcosis (14, 19, 37) . The 3E5 IgG3 is not protective in most models of cryptococcosis, although protection has been observed in certain murine genetic backgrounds (38) .
Single-cell analysis of C. neoformans cells demonstrated that binding of mAbs to the capsule results in a concentration-dependent increase in the capsule's E values (Fig. 2B , Supplemental Videos 5-10). In general, binding of protective mAb produced an allosteric dose-response behavior with an apparent plateau in E after 10 mg ml 21 . The mAb 18B7 (IgG1) produced the strongest effect, with .20-fold increase in capsule E values (Table I) . Among IgMs, the mAb 2D10 (IgM) produced the strongest effect, with an ∼10-fold increase in E. A moderate increase (,2-fold) by the nonprotective mAb 13F1 (IgM) was observed at the highest concentration only (20 mg ml 21 ). The ability of these mAbs to affect the mechanical properties of the capsule correlated with their protective efficacy (14, 30, 37) and affinity to GXM (9, 39) . Importantly, no increase in capsule E was observed after incubating the cells in 20% mouse serum, demonstrating that simple protein deposition is not sufficient to cause a change in capsular mechanical properties.
Differences in the ability of the variable region-identical 3E5 switch variant mAbs to increase the capsular stiffness were smaller than for the other mAbs studied (Table I) . Whereas 3E5 (IgG2b) showed the strongest effect ($6-fold increase), followed by IgG2a (∼6-fold increase) and IgG1 (∼5-fold increase), the IgG3 variant had no effect on capsule mechanical properties (Fig.  2B, Supplemental Video 11 ). The differences observed among the 3E5 switch variants correlated with their opsonic activity (19) and are consistent with previous reports demonstrating the importance of isotype in Ab-binding properties and correlated with their opsonic activity (39) . We also determined the C 50 (mAb concentration needed for half-maximal E value) for each mAb, using the E values obtained as a function of mAb concentration (Table I) . The mAb 3E5 (IgG2b) showed the lowest value, followed by 2D10 (IgM), 3E5 (IgG1), 18B7 (IgG1), 3E5 (IgG2a), and 13F1 (IgM). These results reflect clear differences in both Ag and Ab valence, as well as capsule epitope density. The effect of protective mAbs on the capsule's elastic properties provides a physical and underlying mechanism for the interference with bud release during C. neoformans replication.
Depending on the mAb and concentration, the capsule became visible by bright-field light microscopy owing to a change in optical path difference, which is the product of refractive index and object thickness (40) . This effect is known as capsular quellung or swelling reaction (41) , and as confirmed by our data, it increased with mAb concentration (26) . With the exception of 3E5 (IgG3), all mAbs produced quellung reactions, at distinct concentrations (Fig. 3) . The strongest effect was observed for the mAb 18B7 (IgG1), for which the capsule was discernible beginning at a concentration of 0.5 mg ml
21
. Given that mAb incubations were done using 10 6 yeast cells, addition of ∼0.250 pg of mAb 18B7 (IgG1) per cell appears to be the minimum amount required to mediate this effect. At higher concentrations (.10 mg ml
), 18B7 binding produced substantial irregularities in the capsule (Fig. 3) , consistent with previous reports (23).
MAb-mediated cross-linking of PS molecules in solution
Next, we hypothesized that the ability of mAbs to change the stiffness of the capsule was due to their relative ability to cross-link GXM molecules, which in turn must be determined by the concentration and availability of binding epitopes as well as the binding properties of each mAb. Consequently, we used DLS to monitor changes in average hydrodynamic size of PS solutions after mAb addition. We started by testing mAb 18B7 (IgG1), because it produced the strongest effect on capsule elastic properties. Cross-linking of PS was observed over time after the addition of mAb 18B7 (IgG1), with the appearance of signals corresponding to particles of 153 higher dimensions (∼2 mm) and an increase in autocorrelation function decay time, which relates to how fast particles diffuse in solution (Fig. 4A) . Loss of autocorrelation function decay was observed after 40 min of incubation, consistent with a loss of particle Brownian motion as particles exited the scattering volume caused by the formation of large mAb-GXM complexes and/or signal interference by turbidity due to PS aggregation (Fig. 4A, Table II) . The presence of a white precipitate after mAb addition and an increase in solution turbidity are consistent with the formation of large mAb-GXM complexes that were no longer soluble.
We then compared the cross-linking capacity between our panel of anti-GXM mAbs following a 30-min incubation period. Depending on the mAb, an increase in the average hydrodynamic size of PS solutions was observed relative to the control (PS alone) (Fig. 4B) . Differences in the ability of protective mAbs to increase average hydrodynamic sizes of PS molecules correlated with the capacity to increase the capsule's E values (Fig. 4B ). To our knowledge, these results provide, for the first time, both quantitative and qualitative evidence for mAb-mediated cross-linking of GXM molecules and suggest a molecular explanation for the mAb-mediated increase in capsule stiffness.
Discussion
Abs to microbial surfaces can contribute to host defense through multiple mechanisms (1) . In addition to functioning as a connection between the microbe and cells of the immune system through Fc-FcR interactions, the binding of some Abs to microbial Ags can directly modify the microbe's normal physiology, also contributing to protection of the infected host (1). For encapsulated pathogens such as C. neoformans, the Ab-capsule interaction is important for protection because it can result in increased drug susceptibility, altered gene expression, and prevention of PS release (2, 23) . The present study examines this Ab-capsule interaction and the effect of protective and nonprotective mAbs on C. neoformans replication and the capsule's physical properties. Our results indicate that protective mAbs can directly alter cell division by trapping and preventing the full release of newly budded cells. This effect is caused by an Abmediated increase in capsule stiffness, involving cross-linking of capsular PS molecules. The ability of mAbs to impair C. neoformans budding through changes in the capsule's mechanical properties indicates a new, nonclassical mechanism of Ab function and presents important implications for understanding Abmediated immunity.
The increase in capsule stiffness by protective mAbs, however, was not sufficient to affect the yeast budding rate, consistent with previous reports that Ab binding to the capsule does not prevent cell growth (42) (43) (44) . This finding suggests that cellular division in C. neoformans is not physically influenced by the capsule and/or that intracellular-derived turgor forces (45) can overcome the mechanical resistance that could potentially be exerted by an Abcoated capsule. The molecular basis for the increase in capsule stiffness could be explained by mAb-mediated cross-linking of GXM molecules upon mAb binding to the capsule. This hypothesis is supported by the correlation of the E data with the average hydrodynamic size increase of PS solutions. These results also provide insight into another classical Ab function: Ab-mediated precipitation. Mixing of mAb and PS could result in the formation of complexes that increased in hydrodynamic size with time, after which they left the solution state to form precipitates. Although the size at which precipitation occurred may differ with the type of complex, our results indicate that the transition from the solution to the precipitate state takes time and occurs rapidly once a threshold mass is reached.
The importance of Ab isotype and binding properties in the ability of anti-GXM mAbs to affect the physical properties of the capsule was evident from the different dose-response curves. The contributions of the isotype and epitope specificities may be interrelated because C region type can affect fine specificity (39) . For instance, the inability of the mAb 3E5 (IgG3) to increase the E was striking when compared with the mAb 3E5 (IgG1) because these Abs have same variable gene regions. We can imagine two explanations for this result that are not exclusive to one another. First, the 3E5 (IgG1) and 3E5 (IgG3) differ in epitope specificity for GXM, despite identical V regions (46) , and it is conceivable that the latter binds to an epitope that precludes formation of larger Ag-Ab aggregates. Second, IgG subclasses differ in the angle and flexibility of the two binding regions and the particular configuration of IgG3 (47) . This property, in combination with the configuration of its epitopes in GXM, may not favor formation of larger aggregates. It is also important to mention that structural features of Abs can also determine the formation of Ab complexes or aggregates, thus affecting their overall functionality (48) (49) (50) . Although Ab aggregate formation should not be favored under the diluted concentrations used in this study, Ab-Ab interaction capacity could potentially influence their ability to mediate cross-linking of PS molecules and increase the stiffness of the capsule.
Our study also provides insights into the mechanism of the capsular (quellung) reaction. The capsular reaction was first described by Neufeld in 1902 upon the addition of type-specific immune sera to Streptococcus pneumoniae (41) and continues to be clinically useful in the typing of pneumococcus (51) . Despite its fundamental importance in the development of immunological concepts of specificity, the physical basis of the capsular reaction has never been rigorously studied, possibly because of the relatively small dimensions of encapsulated bacterial cells. One advantage of the C. neoformans system is that the fungal cell volume is enormous relative to bacterial cells (. 2003 larger) , and this allows the type of mechanoelastic measurements done in this study. In C. neoformans, capsular reactions have been correlated with protection (26) . When viewed by differential interference contrast, protective and nonprotective mAbs produce distinct capsular reactions-rim and puffy, respectively (26) . Importantly, similar to the increase in capsule stiffness described in this study, it was suggested that the capsular reaction resulted from Abmediated cross-linking and/or localized precipitation of PS molecules at the capsule surface (26, 52) . The poor reactivity (inferred from capsule stiffness, visibility, and average hydrodynamic size of PS solutions) observed for 13F1 and 3E5 IgG3, relative to the rest of the mAbs, also supports this view and suggests that both mechanical and optical changes on Ab-coated capsules arise from the cross-linking capacity of capsular mAbs. Thus the capsular reaction most likely results from alterations in capsular matrix organization or density, thus affecting the absorptive, reflective, and/or refractive properties of the capsule. In addition, the formation of larger Ab-PS complexes may result in higher molar refractivity based on the Lorentz-Lorenz relation, which positively correlates refractive index to the number of molecules per unit of volume (53) .
Our results provide information that leads to a better understanding of the direct effects of mAbs on the anti-C. neoformans immunity. Recently, mAb binding to the capsule was shown to induce changes in gene expression and fungal metabolic activity (2) . This phenomenon has also been observed with S. pneumoniae, another encapsulated pathogen (3). The ability of mAb 18B7 (IgG1) and 13F1 (IgM) to induce changes in gene expression also correlated with binding locations in the capsule (2) . The mechanism by which fungal cells respond to mAb-capsule interactions is not understood, especially when binding occurs at a distance of several microns from the cell wall and given the limited permeability of the capsule to large molecules (9, 54) . In this regard, mAb-mediated increase in capsule stiffness could provide an explanation to such general alterations in C. neoformans physiology based on a mechanical sensing-transduction phenomenon. In fact, the magnitude of alterations in microbial gene expression by mAbs 18B7 and 13F1 (2) correlated with their ability to increase capsule E. We propose that mAb-mediated cross-linking results in an increase in capsule stiffness, which generates a mechanical stimulus that could affect cell wall integrity sensors (55) and consequently triggers changes in gene expression, as well as potentially other physiological parameters such as PS release (23) and biofilm formation (24) . When comparing the relative opsonization capacity between the mAbs tested in this study, we also noticed an association between their capacity to increase in capsule stiffness and promote phagocytosis (19, 56) . We propose that a more rigid microbial surface could favor cell-cell interactions and particle engulfment by macrophages. In this regard, the physical properties of a targeted particle, such as stiffness and shape, are known to influence phagocytosis by macrophages, indicating the existence of a physical sensing mechanism by these key effector cells (57, 58) .
In conclusion, our data illustrate a new direct Ab-mediated effect on microbial physiology involving alterations in C. neoformans replication and bud mobility associated with a change in the mechanical properties of the PS capsule. The relative contribution of this mechanism to Ab-mediated protection against encapsulated microbes is still unknown However, this biophysical effect has important implications for understanding the mechanisms of mAb action, because trapping of cells will 1) confine the fungal mass to a specific locale and 2) enable a more localized and targeted antimicrobial response by cytotoxic and phagocytic cells. This mechanism could also help to explain the finding that Ab-mediated phagocytosis is followed by nonlytic exocytosis in the form of microcolonies, whereas complement-mediated phagocytosis produces exocytosis in the form of planktonic cells (59) . The ability of the different mAbs to increase the capsule stiffness correlates with their in vivo and in vitro biological activity (19, 37, 56) , suggesting that this physical effect is, in fact, an important determinant for mAb protective efficacy against C. neoformans. Given that protective Ab responses are known to produce quellung reactions in bacterial pathogens (41, 60) , it is conceivable that capsule-binding Abs produce similar effects on encapsulated bacteria and that the effects reported can be generalized to other systems.
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